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ABSTRACT Nonreplicating bacteria are known to be (or at least commonly thought
to be) refractory to antibiotics to which they are genetically susceptible. Here, we
explore the sensitivity to killing by bactericidal antibiotics of three classes of nonrep-
licating populations of planktonic bacteria: (i) stationary phase, when the concentra-
tion of resources and/or nutrients are too low to allow for population growth; (ii)
persisters, minority subpopulations of susceptible bacteria surviving exposure to bac-
tericidal antibiotics; and (iii) antibiotic-static cells, bacteria exposed to antibiotics that
prevent their replication but kill them slowly if at all, the so-called bacteriostatic
drugs. Using experimental populations of Staphylococcus aureus Newman and Esche-
richia coli K-12 (MG1655) and, respectively, nine and seven different bactericidal anti-
biotics, we estimated the rates at which these drugs kill these different types of
nonreplicating bacteria. In contrast to the common belief that bacteria that are non-
replicating are refractory to antibiotic-mediated killing, all three types of nonreplicat-
ing populations of these Gram-positive and Gram-negative bacteria are consistently
killed by aminoglycosides and the peptide antibiotics daptomycin and colistin, re-
spectively. This result indicates that nonreplicating cells, irrespectively of why they
do not replicate, have an almost identical response to bactericidal antibiotics. We
discuss the implications of these results to our understanding of the mechanisms of
action of antibiotics and the possibility of adding a short-course of aminoglycosides
or peptide antibiotics to conventional therapy of bacterial infections.

KEYWORDS antibiotic stasis, antibiotic-killing, nonreplicating bacteria, persisters,
stationary phase

or therapeutic purposes, the relationship between the concentrations of antibiotics

and the rates of growth and death of bacteria, i.e., the pharmacodynamics, is almost
exclusively studied in vitro under conditions that are optimal for the action of these
drugs: relatively low densities of bacteria growing exponentially in media and under
culture conditions where all members of the exposed population have equal access to
these drugs, resources, wastes, and metabolites excreted into the environment. To be
sure, in some sites and tissues in acutely infected hosts, relatively low densities of the
target pathogens may be growing exponentially at their maximum rate and thus are
under conditions that are optimal for the action of antibiotics. However, this situation
is almost certainly uncommon in established, symptomatic, and thereby treated infec-
tions where the offending bacteria are likely to be compartmentalized in different sites
and tissues and confronting the host’s immune defenses (1).

Infecting populations of bacteria may be nonreplicating for different reasons and by
different mechanisms. First, they may have exhausted the locally available resources
and thus modified their environment so their populations are at or near stationary
phase (2-6). Second, although local nutrients may be sufficient for their replication, for
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hosts treated with bactericidal drugs these bacteria may be minority populations of
physiologically refractory survivors, the so-called “persisters” (7-13). Third, the offend-
ing bacteria may be nonreplicating because of exposure to bacteriostatic antibiotics, a
state we shall refer to as antibiotic-induced stasis. Fourth, infecting bacteria may be
slowly replicating or at stationary phase inside phagocytes or other host cells (14, 15)
or attached to the surfaces of tissues or prosthetic devices and within polysaccharide
matrices know as biofilms (16) and thus not replicating for one or more of previously
described reasons (4, 17).

The concept of antibiosis has been classically linked to the fight against actively
replicating microbes invading host tissues. With some exceptions associated with
permeability (18), the susceptibility of bacteria to killing by bactericidal antibiotics is
related to their rate of replication. In fact, with beta-lactams, the rate at which bacteria
are killed has been shown to be strictly proportional to the rate at which the population
is growing (19, 20). The same trend seems to occur for other bactericidal agents, such
as fluoroquinolones, aminoglycosides, glycopeptides, and lipopeptides (21-24). It is
well known that exposure to bacteriostatic antibiotics markedly reduces the efficacy of
beta-lactam drugs to kill bacteria (25-27). However, except for these cases of antago-
nism between bacteriostatic and bactericidal drugs and the classical studies by R. Eng
et al. (28) in 1991, there is remarkably little information about the pharmacodynamics
of antibiotics for nonreplicating populations of bacteria, despite the potential clinical
implications.

In this investigation, we address two fundamental questions about the pharmaco-
dynamics of nonreplicating bacteria. What antibiotics and to what extent do these
drugs kill nonreplicating bacteria? With respect to their susceptibility to antibiotic-
mediated killing, are bacteria in these different nonreplicating states physiologically
similar? To address these questions, we compare the activity of antibiotics on nonrep-
licating bacterial populations obtained by different procedures. We present the results
of experiments estimating the susceptibility of various nonreplicating populations of S.
aureus and E. coli to killing by nine and seven different bactericidal antibiotics, respec-
tively. We consider three types of nonreplicating states of planktonic bacteria: (i) those
at stationary phase in oligotrophic culture; (ii) the nonreplicating survivors of exposure
to bactericidal antibiotics, i.e., persisters; and (iii) bacteria that survive exposed to
bacteriostatic antibiotics, i.e., antibiotic-static populations. In contrast to the popular
conception that antibiotics are ineffective at killing nonreplicating bacteria (19, 29, 30),
a number of existing bactericidal antibiotics, albeit not the beta-lactam drugs, can kill
nonreplicating bacteria in all three states even when these antibiotics are administered
at relatively low concentrations. The results of our experiments indicate that the same
classes of antibiotics, aminoglycosides and peptides, are particularly effective at killing
nonreplicating bacteria irrespective of the mechanism responsible for their failure to
replicate. In addition to being relevant clinically, these results are interesting mecha-
nistically since they suggest that nonreplicating bacteria of different types may share a
cell physiology with respect to their interactions with antibiotics.

RESULTS

Antibiotic-mediated killing of exponentially growing bacteria. As a baseline for
our consideration of the antibiotic susceptibility of nonreplicating bacteria, we explore
the response of exponentially growing populations S. aureus and E coli MG1655 to
antibiotics. The results of these experiments are presented in Fig. 1.

For S. aureus, the aminoglycosides, gentamicin, kanamycin, and tobramycin kill to
the greatest extent, with reductions in viable cell density of more than 4 orders of
magnitude. Daptomycin, ciprofloxacin, vancomycin, oxacillin, and ampicillin are clearly
bactericidal and reduce the viable cell density by 2 to 3 orders of magnitude. The
increase in the N(24)/N(0) ratio for rifampin can be attributed to the ascent of rifampin-
resistant mutants. Even at 50X MIC, tetracycline, linezolid, and erythromycin are
effectively bacteriostatic. When exponentially growing cultures of E. coli are exposed to
10X MIC of gentamicin, kanamycin, tobramycin, colistin, ciprofloxacin, and mero-
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FIG 1 Antibiotic-mediated killing of exponentially growing cells. The ratios of viable 24-h to initial viable
cell densities, N(24)/N(0), of exponentially growing broth cultures exposed to concentrations of bacte-
ricidal and bacteriostatic antibiotics (multiples of MIC values) were determined. (A) Staphylococcus aureus
Newman in MHII; (B) Escherichia coli MG1655 in LB. The means and standard errors of the N(24)/N(0)
ratios from three independent experiments each with three samples were determined. The broken line
indicates the limit of detection (102 cells per ml; hatched bars mean that this limit was surpassed in the
assay). CONT is the control, i.e., bacteria growing in antibiotic-free medium. (C) The initial, N(0), densities
of S. aureus and E. coli in the experiments discussed in panels A and B are shown in panel C.

penem, the viable cell density is below that which can be detected by plating. At 10X
MIC, ampicillin reduces the viable cell density of exponentially growing E. coli by more
than 4 orders of magnitude. As with S. aureus, the failure of rifampin to reduce the
viable cell density can be attributed to the ascent of rifampin-resistant mutants.

Antibiotic-mediated killing of stationary-phase bacteria. For the stationary
phase experiments with both S. aureus and E. coli, we used cultures that had been
incubated under optimal growth conditions for 48 h. To estimate the amount of
unconsumed, residual resources in these 48-h stationary-phase cultures, and thus the
capacity for additional growth, we centrifuged and filtered (0.20-um pore size) 48-h
cultures of these bacteria. We then added, ~103 cells from overnight cultures to the
cell-free filtrates and estimated the initial viable cell density and the viable cell density
after 24 h of incubation, respectively, i.e.,, N(0) and N(24). The results of these experi-
ments with four independent E. coli cultures and three independent S. aureus cultures
suggest no significant growth for E. coli, with a N(24)/N(0) ratio of 0.36 = 0.22, and some
growth for S. aureus, with a N(24)/N(0) ratio of 10.91 + 5.13. It should be noted,
however, that the absence of growth or, in the case of S. aureus, the presence of limited
growth in these spent media may be a reflection of the increase in the pH of this media,
that is, from pH 7.0 at time zero to pH 8.5 at 48 h (31).

At 48 h, the viable cell densities of the stationary-phase cultures were estimated (as
shown in Materials and Methods). In Fig. 2, we present the results of this stationary-
phase experiment. In the absence of treatment (the control), there is no significant
mortality between 48 and 72 h for either S. aureus or E. coli. For S. aureus, only high
concentrations of the aminoglycosides gentamicin, kanamycin, and tobramycin and the
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FIG 2 Antibiotic treatment of stationary-phase bacteria. The ratios of the viable cell densities after and
before 24 h of exposure to bactericidal antibiotics, N(24)/N(0), were determined. Cultures of S. aureus (A)
and E. coli (B) grown for 48 h were treated with the indicated MICs of different drugs and antibiotic-free
controls (CONT). The means and standard errors of N(24)/N(0) ratios for 5 and 11 independent experi-
ments for panels A and B, respectively, are shown. (C) The means and standard errors of the initial viable
cell densities, N(0), for these experiments are shown in panel C.

cyclic peptide daptomycin are effective in reducing the viable density of these 48-h
stationary-phase cultures (Fig. 2A). For E. coli, the aminoglycosides gentamicin, tobra-
mycin, and kanamycin are also effective for killing stationary-phase cells, as is colistin.
There is no evidence that the other bactericidal antibiotics tested, i.e., ciprofloxacin and
rifampin, killed stationary-phase E. coli.

Antibiotic-mediated killing of E. coli hipA7 and S. aureus persisters generated
by exposure to bactericidal antibiotics (bactericidal persisters). In the case of E. coli,
the number of viable cells surviving exposure to 10X MIC ampicillin and ciprofloxacin,
that is, the persisters, was too low to test for the susceptibility of these bacteria to
killing by other antibiotics. To address this issue, we restricted our E. coli persister
experiments to hipA7 (the Moyed mutant [32]), a construct that produces 103 to 10*
times more persisters than does the wild type due to an increase in the basal level of
(P)pPGpp synthesis (33). This is illustrated in Fig. 3, where we compare the dynamics of
formation and the relative densities of persisters for E. coli MG1655 and the hipA7
construct exposed to 10X MIC ampicillin and 10X MIC ciprofloxacin.

For S. aureus, we restricted our experiments to exploring the sensitivity of persisters
to treatment with bactericidal antibiotics to ampicillin-generated persisters. In our pilot
experiments generating these persisters with ciprofloxacin, kanamycin, and tobramy-
cin, the density of the surviving cells, the persisters, was too low to test their suscep-
tibility to killing by other antibiotics. To generate these S. aureus persisters, we used a
protocol similar to a protocol used previously (34). The results of these experiments are
presented in Fig. 4A. The extent to which these ampicillin-exposed S. aureus die
following subsequent treatment is reflected by the N(24)/N(0) ratios of the controls
(CONT) in Fig. 4. These S. aureus persisters are refractory to killing at 50X MICs of the
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FIG 3 Dynamics of hipA7 persister formation. Changes in the viable cell density of exponentially growing
E. coli MG1655 (broken lines) and an hipA7 mutant of this strain (solid lines) exposed to 10X MIC
ampicillin (red) and 10X MIC ciprofloxacin (blue) are shown. All data points represent the means and
standard errors of three independent measurements. The average initial cell densities were (1.23 *+
0.34) X 107 CFU/ml and (6.71 = 3.16) X 106 CFU/ml for MG1655 and hipA7, respectively.

bactericidal antibiotics ciprofloxacin, vancomycin, and oxacillin and 20X MIC rifampin.
This is not the case for the aminoglycosides; 5X MIC gentamicin and 20X MIC
tobramycin and kanamycin reduce the viable cell densities of these persisters by nearly
3 orders of magnitude. Albeit to an lower less than these aminoglycosides, at 20X MIC
the cyclic peptide daptomycin also kills these ampicillin-generated S. aureus persisters.
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FIG 4 Antibiotic-mediated killing of bactericidal persisters. The ratios of viable cell densities of bactericidal persisters after and before 24 h
of exposure to the noted concentrations of bactericidal antibiotic, N(24)/N(0), were determined. (A) S. aureus treated with 25X MIC
ampicillin to generate the persister N(0); (B) E. coli hipA7 treated with 10X MIC ampicillin to generate the persister N(0); (C) E. coli hipA7
mutant treated with 10X MIC ciprofloxacin to generate the persister N(0). The means and standard errors of the N(24)/N(0) ratios for three
independent experiments were determined. (D) The means and standard errors of the N(0) densities for these experiments are shown in

panel D.
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FIG 5 Antibiotic-mediated killing of antibiotic-static populations. The means and standard errors of the N(24)/N(0) ratios
for S. aureus (A) and E. coli (B) were determined. The concentrations of the antibiotics as multiples of MICs used to generate
the static populations and for subsequent treatment are noted in the figure. (C) The initial densities of S. aureus
antibiotic-static populations receiving tetracycline (TET), linezolid (LZD), and erythromycin (ERY) treatments are shown in
the S. aureus panel (left side of panel C). The initial densities of E. coli antibiotic-static populations receiving azithromycin
(AZM), chloramphenicol (CAM), and tetracycline (TET) treatments are shown in the E. coli panel (right side of panel C).

The hipA7 persisters were prepared by exposure to ampicillin and ciprofloxacin
according to a protocol similar to that used by Keren et al. (35). The results of these
experiments are presented in Fig. 4B and C. Relative to the controls, low, but super-
MICs of the aminoglycosides gentamicin, kanamycin, and tobramycin and also the
peptide colistin reduced the viable cell density of the E. coli hipA7 persisters by 3 to 6
orders of magnitude. Even at 50X MIC, the other antibiotics have little or no effect in
reducing the viable cell density of the E. coli hipA7 persisters.

Antibiotic-mediated killing of antibiotic-induced static populations. Antibiotic-
induced static populations were generated by exposing exponentially growing S.
aureus and E. coli to bacteriostatic drugs for 24 h, followed by second antibiotics for
another 24 h (as shown in Materials and Methods). The results of these experiments are
presented in Fig. 5.

The S. aureus antibiotic-static populations surviving exposure to tetracycline, eryth-
romycin, and linezolid are killed by the aminoglycosides, rifampin, and daptomycin. The
E. coli antibiotic-static populations surviving exposure to azithromycin, chlorampheni-
col, and tetracycline are readily killed by the aminoglycosides and colistin and margin-
ally if at all so by high concentrations of rifampin. Higher concentrations of gentamicin
(10X MIC) are more effective than 10X MIC of the other aminoglycosides.

DISCUSSION

During the course of an infection, several different conditions contribute to the
nonreplicating status of initially growing populations of the infecting bacteria, trigger-
ing type | persisters, slow growers that are generated by exposure to a stress signal (36).
Among these conditions are the stationary phase resulting from a dearth of the
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nutrients and resources in the infected tissues, the formation of biofilms, and the
immune defenses, primarily engulfment by professional and amateur phagocytic host
cells. Therapy with antibiotics will also result in the production of nonreplicating
populations of bacteria, persisters surviving exposure to bactericidal antibiotics, and
stasis induced by bacteriostatic drugs. We postulate that although they are generated
in different ways, common mechanisms are responsible for the failure of these bacteria
to replicate and thereby for the same classes of antibiotics to kill them. These mech-
anisms involve the general stringent response, a strongly regulated process governed
by the alternative sigma factor RpoS (35) upregulated by the accumulation of
hyperphosphorylated guanine nucleotides, as the “alarmone” (p)ppGpp (37-39).
That regulation might in fact reflect the metabolism of persisters which is oriented
toward energy production, with depleted metabolite fluxes, which perpetuates the
slow growth (12, 40).

The contribution of the stringent response to antibiotic-induced stress is not well
understood. A number of observations suggest that antibiotic exposure can trigger a
RpoS stationary response and the generation of nonreplicating populations. Subinhibi-
tory concentrations of beta-lactams induce the stringent response (41, 42). Response to
stress by bacteriostatic antibiotics acting on the ribosome (as macrolides, chloram-
phenicol, or tetracyclines) is likely to be manifested by the reduction in protein
synthesis, which might reduce the building up of (p)ppGpp, but that might be
overcompensated for by reduced degradation of this nucleotide (43, 44). Proteome
analysis of erythromycin-exposed “permeable” E. coli suggests a RpoS-regulated profile
(45). In fact, subinhibitory concentrations of bacteriostatic antibiotics induce the strin-
gent response, leading to beta-lactam tolerance (46).

Cationic peptides, including polymyxins, do not elicit an RpoS response but rather
increase the permeability of the cell membranes and thereby act as rapid “external
killers” (47, 48). Whether the aminoglycosides can elicit a RpoS response is unclear at
this time. As is the case of other protein synthesis inhibitors, this machinery might be
less effective in the presence of the antibiotic than in its absence; the same thing occurs
with oxidative stress responses (44). The rapid killing observed in our work (see Fig. 1)
may well be because the stringent response has no time to develop when exposed to
these drugs. However, if aminoglycosides can induce the RpoS response, this might
favor aminoglycoside transport into cells that results in membrane damage and killing
of nongrowing cells (49).

The cellular immune response might also be responsible for generating nonrepli-
cating populations. Salmonella RpoS-dependent genes are activated into the intracel-
lular environment of eukaryotic cells (50). An RpoS-activated system contributes to
survival of E. coli and Salmonella to the phagocyte oxidase-mediated stress resistance
(51, 52) and influences the intracellular survival of Legionella in macrophages and in
Acanthamoeba cells (53-55). Intracellular survival is also related to the overexpression
of heat shock stress proteins, promoting nonreplication (56, 57).

These studies suggest that nonreplicating bacteria might also arise by the stringent
response derived from professional and/or nonprofessional phagocytosis. Of course,
aminoglycosides and peptide antibiotics do not enter in eukaryotic cells, but
nonreplicating bacteria can be released from phagocytes lysed by bacterium-
induced programmed necrosis, contributing to the chronification of the infection
(58). Antibody-antibiotic conjugates might improve therapy of phagocytized bac-
teria where aminoglycosides and peptides are excluded (15).

We postulate that essentially the same set of cellular responses occurs in the
different stress-inducing conditions that bacteria encounter during the infection pro-
cess, and different classes of antibiotics are similarly effective in killing these different
types of nonreplicating cells. These effects are probably are expressed as a hormetic
(dose-dependent) stress response (59, 60). Of course, nongrowth is a complex mech-
anism in which the final antibiotic effects are influenced by those resulting from
different coexisting stresses, for instance, nongrowth resulting from ribosome hiber-
nation could facilitate some degree of gentamicin tolerance (61). The nongrowth
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phenotype is therefore causally complex, which negatively influences the full quanti-
tative repeatability of the experiments.

It is well known that stationary phase populations of bacteria are refractory to killing
by some antibiotics (19, 29, 30). The results presented here illustrate that this is not the
case for other antibiotics, and in particular some aminoglycosides and peptide antimi-
crobials kill stationary-phase populations of E. coli and S. aureus. This observation is not
new; it has been known for some time that the aminoglycosides and the cyclic peptides
daptomycin and colistin can kill stationary-phase bacteria (24, 61-63). Less seems to be
known about the susceptibility to killing by bactericidal antibiotics of the other
nonreplicating states of bacteria considered here, the persisters and bacteria with
antibiotic-induced stasis.

Although there have been many studies of persistence, relatively little is known
about the susceptibility of these nonreplicating bacteria to antibiotics other than those
used to generate them. One exception to this is a study by Allison et al. (64), who
demonstrate that by adding metabolites, E. coli and S. aureus persisters in the form of
biofilms become susceptible to killing by aminoglycosides. Our results with the
ampicillin-generated planktonic S. aureus persisters are fully consistent with these
observations. Results with the hipA7 persisters used here also suggest that E. coli
“natural” persisters are sensitive to killing by even low concentrations of the aminogly-
cosides and the peptide colistin.

There is also a relative dearth of quantitative information about the susceptibility to
antibiotic-mediated killing of nonreplicating bacteria induced by exposure to bacterio-
static antibiotics. To be sure, within the first decade after the discovery of antibiotics,
there was evidence that exposure of bacteria to bacteriostatic drugs reduces the
efficacy of bactericidal to kill these bacteria (65), and these observations were corrob-
orated more recently (27). Early observations concerning the lower efficacy of penicillin
in static cells produced by chloramphenicol and the tetracyclines have engendered
what some may see as an immutable law in the practice of antibiotic therapy: do not
mix bacteriostatic and bactericidal drugs. However, we show that some existing
bactericidal antibiotics are quite effective in killing bacteria that are not replicating
because of their exposure to bacteriostatic antibiotics, what we refer to here as
antibiotic-static populations.

In summary, stationary-phase S. aureus populations are killed at a substantial rate by
the aminoglycosides and to a lesser extent by daptomycin. S. aureus persisters gener-
ated by exposure to ampicillin are also killed by the aminoglycosides and the lipopep-
tide daptomycin, but not the other drugs tested. Antibiotic-induced static populations
of S. aureus maintain the same killing profile, with aminoglycosides and daptomycin as
the sole killing agents, except, in this case, rifampin. Some aminoglycosides and the
peptide colistin are also effective at killing stationary-phase E. coli, whereas the other
antibiotics tested were not. This is also true for the hipA7 E. coli persister and E. coli
“suffering” from the stasis induced by ribosome-targeting bacteriostatic antibiotics. This
homogeneous pattern of response to antibiotic killing in slow-growth populations from
different origins supports a basically homogeneous physiology in all type | persisters.

Potential clinical implications. In recent years, there has been a great deal of
interest in discovering and developing drugs to treat nonreplicating populations of
bacteria, particularly those associated with biofilms. A prime example of this is the use
by Lewis and coworkers (66) of a novel antibiotic, acyldepsipeptide (ADEP4). Despite
growing efforts in the endeavor to find new antibiotics to kill nonreplicating bacteria,
the results presented here suggest that existing antimicrobials may well be up to that
task. A valid concern is that the antibiotics with this virtue are among the more toxic
drugs, i.e, aminoglycosides and peptides (67-69). It should be noted, however, that
relatively low and possibly nontoxic concentrations of the aminoglycosides and the
peptide colistin can kill E. coli antibiotic-static and hipA7 persisters. Most importantly, as
has been the case with cancer chemotherapy, there are conditions under which some
toxic side effects of systemic treatment are more than made up for by the sometimes
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life-saving benefits of that treatment (70). Of course, inhalation therapy, providing very
high local concentrations of aminoglycosides or peptide antibiotics, has proven its
efficacy in mostly nongrowing populations of Pseudomonas aeruginosa and Staphylo-
coccus aureus involved in chronic lung colonization in cystic fibrosis patients (71). Also,
high local concentrations of these antibiotics have been useful in intravesical therapy
of recurrent urinary tract infections (72) or in catheter-locking solutions to treat
catheter-related bloodstream infections (73).

How important persisters are clinically is, at this juncture, not all that clear. Persisters
remain susceptible to phagocytosis and other elements of the innate immune system,
the main factor influencing control of infections, can be attributed to the innate
immune system, and they would play little or no role in reducing the efficacy of
antibiotic therapy (74). Consistent with this yet-to-be-tested (but testable) hypothesis in
experimental animals and patients is the observation that for immunocompetent
patients, bacteriostatic drugs are as effective for treatment as highly bactericidal agents
(75, 76).

As intriguing as they may be scientifically, planktonic persisters surviving exposure
to bactericidal antibiotics are not the majority of the nonreplicating bacteria present
during the infection process. Stationary-phase bacteria resulting from a local shortage
of nutrients, nongrowing populations induced by bacteriostatic agents, biofilm
populations, and phagocytosed bacteria (eventually released by the lysis of the
engulfing phagocytes) are likely to be the majority of phenotypically antibiotic-
resistant bacteria in an established infection. They are certainly involved in the
chronification of infections, as well as subsequent reactivations and relapses. It may
well be that, along with the standard therapy, the addition of a short-course
administration of antibiotics, such as the aminoglycosides and peptides, that kill
these nonreplicating bacteria may well accelerate the course of treatment and
increase the likelihood of its success.

MATERIALS AND METHODS

Bacteria. Staphylococcus aureus Newman was obtained from William Shafer, Emory University, E. coli
K-12 MG1655 was obtained from Ole Skovgaard, Roskilde University, and the high-frequency persister
strain of E. coli K-12 (hipA7) constructed by Moyed and Betrand (32) was obtained from Kyle Allison,
Emory University.

Liquid culture. For the S. aureus Mueller-Hinton broth (MHII; catalog no. 275710 [BD]) and for E. coli
lysogeny broth (LB; catalog no. 244620 [Difco]). These antibiotic-kill experiments were performed in
6-well polystyrene plates (Celltreat Scientific Products).

Viable cell density. The number of viable bacteria per ml, the cell density, was estimated from the
number of CFU by serial dilution in 0.85% saline and plating on LB (1.6%) agar plates.

Antibiotics and their sources. The following antibiotics were used in these experiments: ampicillin,
chloramphenicol, colistin, gentamicin, kanamycin, oxacillin, tetracycline, and vancomycin (Sigma); azi-
thromycin and tobramycin (Tocris); daptomycin (TCl); erythromycin (MP Biochemicals); ciprofloxacin and
rifampin (Applichem); meropenem (Combi-Blocks), linezolid (Chem Impex, Int.).

MICs. For both S. aureus Newman and E. coli MG1655, antibiotic MICs were estimated using a 2-fold
microdilution procedure (77). Two different initial concentrations of antibiotics were used to obtain
accurate measurements from the 2-fold micro dilution procedure. The estimated MICs of each of the
antibiotic bacteria combination are listed in Table 1.

N(24)/N(0) ratios. As our measure of the efficacy of the different antibiotics to killing the exposed
bacteria, we used the ratio of the viable cell density after 24 h of exposure to the drug to the initial
density estimated prior to exposure, i.e., N(24)/N(0). For each experiment, we estimated the N(0) and
N(24) densities (in CFU) with three independent serial dilutions. For each antibiotic-bacterium combi-
nation, unless otherwise stated, we ran at least three independent experiments and calculated the means
and standard errors of the N(24)/N(0) ratios.

Antibiotic-mediated killing of exponentially growing bacteria. For these experiments, overnight
cultures of S. aureus and E. coli MG1655 were added to broth at a ratio of 1:100, followed by incubation
for 1.5 h, and the density of the cultures, N(0), was estimated. Next, 5-ml samples of these cultures were
put in 6-well plates, and antibiotics were added. The cultures with the antibiotics were incubated for 24 h,
at which time the viable cell densities [N(24)] were estimated.

Antibiotic-mediated killing of stationary-phase bacteria. For the stationary-phase experiments
with both S. aureus and E. coli, we used cultures that had been incubated under optimal growth
conditions for 48 h. At 48 h, the viable cell densities of the stationary-phase cultures [N(0)] were
estimated. Then, 5-ml aliquots were put in 6-well plates, the antibiotics were added, and the cultures
were incubated with shaking for another 24 h; the viable cell densities were then estimated.
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TABLE 1 Antibiotic MICs for S. aureus and E. coli strains
Antibiotic MIC (ug/ml)

Antibiotic (abbreviation) S. aureus Newman E. coli MG1655 E. coli MG1655 (hipA7 mutant)

Ampicillin (AMP) 4.7 47 47
Azithromycin (AZM) 23 19.0 38.0
Chloramphenicol (CAM) 13 47 47
Ciprofloxacin (CIP) 0.2 0.6 0.6
Colistin (CST) NA@ 1.1 1.1
Daptomycin (DAP) 1.6 NA NA
Erythromycin (ERY) 0.6 NA NA
Gentamicin (GEN) 0.8 93 93
Kanamycin (KAN) 23 47 47
Linezolid (LZD) 1.1 NA NA
Meropenem (MEM) NA 1.2 0.6
Oxacillin (OXA) 0.3 NA NA
Rifampin (RIF) 0.002 9.4 9.4
Tetracycline (TET) 0.6 23 75.0
Tobramycin (TOB) 0.3 1.2 2.3
Vancomycin (VAN) 1.6 NA NA

aNA, not applicable.

Antibiotic-mediated killing of S. aureus bactericidal persisters. Overnight MHII cultures of S.
aureus Newman were diluted 1/10 in fresh MHII, and 25X MIC ampicillin was added immediately. After
24 h, the viable cell densities [N(0)] were estimated. Then, 5-ml samples of these ampicillin-treated
cultures were put in 6-well plates, the second antibiotic(s) was added, and the cultures were incubated
with shaking for another 24 h.

Antibiotic-mediated killing of E. coli hipA7 bactericidal persisters. Exponentially growing LB
cultures of E. coli hipA7 were exposed to 10X MIC ciprofloxacin or ampicillin for 4 h [N(0)] and then
treated with the second antibiotic for another 24 h [N(24)].

Antibiotic-mediated killing of antibiotic-induced static populations. Antibiotic-induced static
populations were generated by exposing exponentially growing S. aureus and E. coli to bacteriostatic
drugs for 24 h, and the viable cell density [N(0)] was estimated. The culture was divided into 5-ml aliquots
in 6-well plates, and the second antibiotic was added. The cultures were maintained for another 24 h, and
the viable cell densities [N(24)] were estimated.

A caveat. The magnitude of the variation in the extent of antibiotic-mediated killing and the levels
of persistence among independent replicas was often substantial. We did a great deal of replication and
are confident regarding the results reported here in a semiquantitative way, meaning that we are
convinced that the relative extents of killing and the levels of persistence by the antibiotics used here
would be obtained in parallel experiments in other laboratories. On the other hand, we would be
surprised if the absolute numbers of bacteria surviving exposure to these drugs in these experiments
would be identical to those reported here.

Curiously, in the persistence literature, this variation is rarely reported; for an exception, see the study
by Johnson and Levin (78). Contributing to this variation are, of course, differences among batches of
media and particularly broths. Moreover and perhaps more important is the variation in the strains used
by different laboratories and possibly even by the same laboratory at different times. Although
designated E. coli MG1655 or S. aureus Newman, every time these bacteria are recloned, there is a
possibility of random fixation mutations, which over time can affect the phenotype of the cell line,
including declines in fitness, a phenomenon referred to as Muller’s Ratchet (79). This accumulation
of mutations can be seen in the DNA sequence data, as well as in phenotypic variation among
isolates of strains with the same name (see, for example, references 80 and 81). In addition, it seems
clear that persistence and the response of bacteria to antibiotics are multicausal phenotypes; as is
the rule in complex systems, the quantitative reproducibility of experiments is frequently impaired,
since small and difficult-to-control variations in the initial variables can quantitatively influence the
final result (82).

ACKNOWLEDGMENTS

This research was funded by grants from the U.S. National Institutes of Health
(GM098175) to B.R.L. and the Regional Government of Madrid (InGEMICS-C, S2017/
BMD-3691, cofinanced by the European Development Regional Fund, “A Way to
Achieve Europe”) to F.B.

We thank Melony Ivey and Esther Lee for superb technical help. Finally, and most
importantly, we thank the three anonymous reviewers of the first incarnation of this
report for extensive and helpful comments and suggestions, which improved the
quality of the manuscript, as well as the results reported.

July 2019 Volume 63 Issue 7 €02360-18 aac.asm.org 10


https://aac.asm.org

Antibiotic Killing of Nonreplicating Bacteria

interpretation, or the decision to submit this work for publication.

Antimicrobial Agents and Chemotherapy

The funders of this endeavor had no role in designing this study, data collection and

REFERENCES

1.

10.

1"

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

July 2019 Volume 63

Kolter R, Siegele DA, Tormo A. 1993. The stationary phase of the bacterial
life cycle. Annu Rev Microbiol 47:855-874. https://doi.org/10.1146/
annurev.mi.47.100193.004231.

. Boyd W, Sheldon H. 1980. Introduction to the study of disease. Lea &

Febiger, New York, NY.

. Eng RH. 1980. Bactericidal screening test for late complement compo-

nent deficiencies or defects. J Clin Microbiol 11:631-634.

. Kirby AE, Garner K, Levin BR. 2012. The relative contributions of physical

structure and cell density to the antibiotic susceptibility of bacteria in
biofilms. Antimicrob Agents Chemother 56:2967-2975. https://doi.org/
10.1128/AAC.06480-11.

. Costerton JW, Stewart PS, Greenberg EP. 1999. Bacterial biofilms: a

common cause of persistent infections. Science 284:1318-1322. https://
doi.org/10.1126/science.284.5418.1318.

. Lewis K. 2005. Persister cells and the riddle of biofilm survival. Biochem-

istry (Mosc) 70:267-274. https://doi.org/10.1007/s10541-005-0111-6.

. Bigger JW. 1944. Treatment of staphylococcal infections with penicillin.

Lancet 244:497-500. https://doi.org/10.1016/5S0140-6736(00)74210-3.

. Balaban NQ, Merrin J, Chait R, Kowalik L, Leibler S. 2004. Bacterial

persistence as a phenotypic switch. Science 305:1622-1625. https://doi
.org/10.1126/science.1099390.

. Levin BR, Concepcion-Acevedo J, Udekwu KI. 2014. Persistence: a copa-

cetic and parsimonious hypothesis for the existence of non-inherited
resistance to antibiotics. Curr Opin Microbiol 21:18-21. https://doi.org/
10.1016/j.mib.2014.06.016.

Balaban NQ, Gerdes K, Lewis K, McKinney JD. 2013. A problem of
persistence: still more questions than answers? Nat Rev Microbiol 11:
587-591. https://doi.org/10.1038/nrmicro3076.

. Kim JS, Wood TK. 2017. Tolerant, growing cells from nutrient shifts are

not persister cells. mBio 8:e00354-17.

Radzikowski JL, Schramke H, Heinemann M. 2017. Bacterial persistence
from a system-level perspective. Curr Opin Biotechnol 46:98-105.
https://doi.org/10.1016/j.copbio.2017.02.012.

Harms A, Fino C, Sorensen MA, Semsey S, Gerdes K. 2017. Prophages and
growth dynamics confound experimental results with antibiotic-tolerant
persister cells. mBio 8:e01964-17. https://doi.org/10.1128/mBio.01964-17.
Thwaites GE, Gant V. 2011. Are bloodstream leukocytes Trojan horses for
the metastasis of Staphylococcus aureus? Nat Rev Microbiol 9:215-222.
https://doi.org/10.1038/nrmicro2508.

Lehar SM, Pillow T, Xu M, Staben L, Kajihara KK, Vandlen R, DePalatis L,
Raab H, Hazenbos WL, Morisaki JH, Kim J, Park S, Darwish M, Lee BC,
Hernandez H, Loyet KM, Lupardus P, Fong R, Yan D, Chalouni C, Luis E,
Khalfin Y, Plise E, Cheong J, Lyssikatos JP, Strandh M, Koefoed K, Ander-
sen PS, Flygare JA, Wah Tan M, Brown EJ, Mariathasan S. 2015. Novel
antibody-antibiotic conjugate eliminates intracellular Staphylococcus au-
reus. Nature 527:323-328. https://doi.org/10.1038/nature16057.
Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott HM.
1995. Microbial biofilms. Annu Rev Microbiol 49:711-745. https://doi
.org/10.1146/annurev.mi.49.100195.003431.

Stewart PS. 2002. Mechanisms of antibiotic resistance in bacterial bio-
films. Int J Med Microbiol 292:107-113. https://doi.org/10.1078/1438
-4221-00196.

Koch AL, Gross GH. 1979. Growth conditions and rifampin susceptibility.
Antimicrob Agents Chemother 15:220-228. https://doi.org/10.1128/AAC
.15.2.220.

Tuomanen E, Cozens R, Tosch W, Zak O, Tomasz A. 1986. The rate of
killing of Escherichia coli by beta-lactam antibiotics is strictly propor-
tional to the rate of bacterial growth. J Gen Microbiol 132:1297-1304.
https://doi.org/10.1099/00221287-132-5-1297.

Brown MR, Collier PJ, Gilbert P. 1990. Influence of growth rate on
susceptibility to antimicrobial agents: modification of the cell envelope
and batch and continuous culture studies. Antimicrob Agents Che-
mother 34:1623-1628. https://doi.org/10.1128/AAC.34.9.1623.

Evans DJ, Allison DG, Brown MR, Gilbert P. 1991. Susceptibility of Pseu-
domonas aeruginosa and Escherichia coli biofilms towards ciprofloxacin:
effect of specific growth rate. J Antimicrob Chemother 27:177-184.
https://doi.org/10.1093/jac/27.2.177.

Issue 7 e02360-18

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

Evans DJ, Allison DG, Brown MR, Gilbert P. 1990. Effect of growth-rate on
resistance of gram-negative biofilms to cetrimide. J Antimicrob Che-
mother 26:473-478. https://doi.org/10.1093/jac/26.4.473.

Chmara H, Ripa S, Mignini F, Borowski E. 1991. Bacteriolytic effect of
teicoplanin. J Gen Microbiol 137:913-919. https://doi.org/10.1099/
00221287-137-4-913.

Mascio CT, Alder JD, Silverman JA. 2007. Bactericidal action of dapto-
mycin against stationary-phase and nondividing Staphylococcus aureus
cells. Antimicrob Agents Chemother 51:4255-4260. https://doi.org/10
.1128/AAC.00824-07.

Lepper MH, Dowling HF. 1951. Treatment of pneumococcic meningitis
with penicillin compared with penicillin plus aureomycin; studies includ-
ing observations on an apparent antagonism between penicillin and
aureomycin. AMA Arch Intern Med 88:489 -494. https://doi.org/10.1001/
archinte.1951.03810100073006.

Garrod LP. 1972. Causes of failure in antibiotic treatment. Br Med J
4:473-476. https://doi.org/10.1136/bm;j.4.5838.473.

Ocampo PS, Lazar V, Papp B, Arnoldini M, Abel Zur Wiesch P, Busa-
Fekete R, Fekete G, Pal C, Ackermann M, Bonhoeffer S. 2014. Antag-
onism between bacteriostatic and bactericidal antibiotics is preva-
lent. Antimicrob Agents Chemother 58:4573-4582. https://doi.org/10
.1128/AAC.02463-14.

Eng RH, Padberg FT, Smith SM, Tan EN, Cherubin CE. 1991. Bactericidal
effects of antibiotics on slowly growing and nongrowing bacteria. An-
timicrob Agents Chemother 35:1824-1828. https://doi.org/10.1128/AAC
.35.9.1824.

Tuomanen E, Schwartz J, Sande S. 1990. The vir locus affects the
response of Bordetella pertussis to antibiotics: phenotypic tolerance and
control of autolysis. J Infect Dis 162:560-563. https://doi.org/10.1093/
infdis/162.2.560.

Hurdle JG, O'Neill AJ, Chopra |, Lee RE. 2011. Targeting bacterial
membrane function: an underexploited mechanism for treating per-
sistent infections. Nat Rev Microbiol 9:62-75. https://doi.org/10.1038/
nrmicro2474.

. Small P, Blankenhorn D, Welty D, Zinser E, Slonczewski JL. 1994. Acid and

base resistance in Escherichia coli and Shigella flexneri: role of rpoS and
growth pH. J Bacteriol 176:1729-1737. https://doi.org/10.1128/jb.176.6
1729-1737.1994.

Moyed HS, Bertrand KP. 1983. hipA, a newly recognized gene of Esche-
richia coli K-12 that affects frequency of persistence after inhibition of
murein synthesis. J Bacteriol 155:768-775.

Korch SB, Henderson TA, Hill TM. 2003. Characterization of the hipA7
allele of Escherichia coli and evidence that high persistence is governed
by (p)ppGpp synthesis. Mol Microbiol 50:1199-1213. https://doi.org/10
.1046/j.1365-2958.2003.03779.x.

Joers A, Kaldalu N, Tenson T. 2010. The frequency of persisters in
Escherichia coli reflects the kinetics of awakening from dormancy. J
Bacteriol 192:3379-3384. https://doi.org/10.1128/JB.00056-10.

Keren |, Shah D, Spoering A, Kaldalu N, Lewis K. 2004. Specialized
persister cells and the mechanism of multidrug tolerance in Escherichia
coli. J Bacteriol 186:8172-8180. https://doi.org/10.1128/JB.186.24.8172
-8180.2004.

Levin-Reisman |, Balaban NQ. 2016. Quantitative measurements of type
| and type Il persisters using ScanLag. Methods Mol Biol 1333:75-81.
https://doi.org/10.1007/978-1-4939-2854-5_7.

Kamarthapu V, Epshtein V, Benjamin B, Proshkin S, Mironov A, Cashel M,
Nudler E. 2016. ppGpp couples transcription to DNA repair in Escherichia
coli. Science 352:993-996. https://doi.org/10.1126/science.aad6945.
Magnusson LU, Farewell A, Nystrom T. 2005. ppGpp: a global regulator
in Escherichia coli. Trends Microbiol 13:236-242. https://doi.org/10.1016/
j.tim.2005.03.008.

Srivatsan A, Wang JD. 2008. Control of bacterial transcription, transla-
tion, and replication by (p)ppGpp. Curr Opin Microbiol 11:100-105.
https://doi.org/10.1016/j.mib.2008.02.001.

Radzikowski JL, Vedelaar S, Siegel D, Ortega AD, Schmidt A, Heinemann
M. 2016. Bacterial persistence is an active ¢S stress response to meta-

aacasm.org 11


https://doi.org/10.1146/annurev.mi.47.100193.004231
https://doi.org/10.1146/annurev.mi.47.100193.004231
https://doi.org/10.1128/AAC.06480-11
https://doi.org/10.1128/AAC.06480-11
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1007/s10541-005-0111-6
https://doi.org/10.1016/S0140-6736(00)74210-3
https://doi.org/10.1126/science.1099390
https://doi.org/10.1126/science.1099390
https://doi.org/10.1016/j.mib.2014.06.016
https://doi.org/10.1016/j.mib.2014.06.016
https://doi.org/10.1038/nrmicro3076
https://doi.org/10.1016/j.copbio.2017.02.012
https://doi.org/10.1128/mBio.01964-17
https://doi.org/10.1038/nrmicro2508
https://doi.org/10.1038/nature16057
https://doi.org/10.1146/annurev.mi.49.100195.003431
https://doi.org/10.1146/annurev.mi.49.100195.003431
https://doi.org/10.1078/1438-4221-00196
https://doi.org/10.1078/1438-4221-00196
https://doi.org/10.1128/AAC.15.2.220
https://doi.org/10.1128/AAC.15.2.220
https://doi.org/10.1099/00221287-132-5-1297
https://doi.org/10.1128/AAC.34.9.1623
https://doi.org/10.1093/jac/27.2.177
https://doi.org/10.1093/jac/26.4.473
https://doi.org/10.1099/00221287-137-4-913
https://doi.org/10.1099/00221287-137-4-913
https://doi.org/10.1128/AAC.00824-07
https://doi.org/10.1128/AAC.00824-07
https://doi.org/10.1001/archinte.1951.03810100073006
https://doi.org/10.1001/archinte.1951.03810100073006
https://doi.org/10.1136/bmj.4.5838.473
https://doi.org/10.1128/AAC.02463-14
https://doi.org/10.1128/AAC.02463-14
https://doi.org/10.1128/AAC.35.9.1824
https://doi.org/10.1128/AAC.35.9.1824
https://doi.org/10.1093/infdis/162.2.560
https://doi.org/10.1093/infdis/162.2.560
https://doi.org/10.1038/nrmicro2474
https://doi.org/10.1038/nrmicro2474
https://doi.org/10.1128/jb.176.6.1729-1737.1994
https://doi.org/10.1128/jb.176.6.1729-1737.1994
https://doi.org/10.1046/j.1365-2958.2003.03779.x
https://doi.org/10.1046/j.1365-2958.2003.03779.x
https://doi.org/10.1128/JB.00056-10
https://doi.org/10.1128/JB.186.24.8172-8180.2004
https://doi.org/10.1128/JB.186.24.8172-8180.2004
https://doi.org/10.1007/978-1-4939-2854-5_7
https://doi.org/10.1126/science.aad6945
https://doi.org/10.1016/j.tim.2005.03.008
https://doi.org/10.1016/j.tim.2005.03.008
https://doi.org/10.1016/j.mib.2008.02.001
https://aac.asm.org

McCall et al.

41.

42.

43,

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

57.

58.

July 2019 Volume 63

bolic flux limitation. Mol Syst Biol 12:882. https://doi.org/10.15252/msb
.20166998.

Gutierrez A, Laureti L, Crussard S, Abida H, Rodriguez-Rojas A, Blazquez
J, Baharoglu Z, Mazel D, Darfeuille F, Vogel J, Matic I. 2013. Beta-lactam
antibiotics promote bacterial mutagenesis via an RpoS-mediated reduc-
tion in replication fidelity. Nat Commun 4:1610. https://doi.org/10.1038/
ncomms2607.

Doumith M, Mushtaq S, Livermore DM, Woodford N. 2016. New insights
into the regulatory pathways associated with the activation of the
stringent response in bacterial resistance to the PBP2-targeted antibiot-
ics, mecillinam and OP0595/RG6080. J Antimicrob Chemother 71:
2810-2814. https://doi.org/10.1093/jac/dkw230.

Cortay JC, Cozzone AJ. 1983. A study of bacterial response to polypep-
tide antibiotics. FEBS Lett 157:307-310. https://doi.org/10.1016/0014
-5793(83)80566-3.

Fung DK, Chan EW, Chin ML, Chan RC. 2010. Delineation of a bacterial
starvation stress response network which can mediate antibiotic toler-
ance development. Antimicrob Agents Chemother 54:1082-1093.
https://doi.org/10.1128/AAC.01218-09.

Petrackova D, Janecek J, Bezouskova S, Kalachova L, Technikova Z,
Buriankova K, Halada P, Haladova K, Weiser J. 2013. Fitness and pro-
teome changes accompanying the development of erythromycin resis-
tance in a population of Escherichia coli grown in continuous culture.
Microbiologyopen 2:841-852.

Kudrin P, Varik V, Oliveira SR, Beljantseva J, Del Peso Santos T, Dzhygyr
I, Rejman D, Cava F, Tenson T, Hauryliuk V. 2017. Subinhibitory concen-
trations of bacteriostatic antibiotics induce relA-dependent and relA-
independent tolerance to beta-lactams. Antimicrob Agents Chemother
61:€02173-16. https://doi.org/10.1128/AAC.02173-16.

Rodriguez-Rojas A, Makarova O, Rolff J. 2014. Antimicrobials, stress, and
mutagenesis. PLoS Pathog 10:e1004445. https://doi.org/10.1371/journal
.ppat.1004445.

McLeod Gl, Spector MP. 1996. Starvation- and stationary-phase-induced
resistance to the antimicrobial peptide polymyxin B in Salmonella typhi-
murium is RpoS (sigma(S)) independent and occurs through both PhoP-
dependent and -independent pathways. J Bacteriol 178:3683-3688.
https://doi.org/10.1128/jb.178.13.3683-3688.1996.

Mok WW, Orman MA, Brynildsen MP. 2015. Impacts of global transcrip-
tional regulators on persister metabolism. Antimicrob Agents Che-
mother 59:2713-2719. https://doi.org/10.1128/AAC.04908-14.

Chen CY, Eckmann L, Libby SJ, Fang FC, Okamoto S, Kagnoff MF, Fierer
J, Guiney DG. 1996. Expression of Salmonella typhimurium rpoS and
rpoS-dependent genes in the intracellular environment of eukaryotic
cells. Infect Immun 64:4739-4743.

Hryckowian AJ, Welch RA. 2013. RpoS contributes to phagocyte oxidase-
mediated stress resistance during urinary tract infection by Escherichia
coli CFT073. mBio 4:e00023. https://doi.org/10.1128/mBi0.00023-13.
Alam MS, Zaki MH, Yoshitake J, Akuta T, Ezaki T, Akaike T. 2006. Involve-
ment of Salmonella enterica serovar Typhi RpoS in resistance to NO-
mediated host defense against serovar Typhi infection. Microb Pathog
40:116-125. https://doi.org/10.1016/j.micpath.2005.11.007.
Hovel-Miner G, Pampou S, Faucher SP, Clarke M, Morozova |, Morozov
P, Russo JJ, Shuman HA, Kalachikov S. 2009. Sigma$ controls multiple
pathways associated with intracellular multiplication of Legionella
pneumophila. J Bacteriol 191:2461-2473. https://doi.org/10.1128/JB
.01578-08.

Abu-Zant A, Asare R, Graham JE, Abu Kwaik Y. 2006. Role for RpoS but
not RelA of Legionella pneumophila in modulation of phagosome bio-
genesis and adaptation to the phagosomal microenvironment. Infect
Immun 74:3021-3026. https://doi.org/10.1128/IA1.74.5.3021-3026.2006.
Hales LM, Shuman HA. 1999. The Legionella pneumophila rpoS gene is
required for growth within Acanthamoeba castellanii. J Bacteriol 181:
4879-4889.

Stewart GR, Young DB. 2004. Heat-shock proteins and the host-
pathogen interaction during bacterial infection. Curr Opin Immunol
16:506-510. https://doi.org/10.1016/j.c0i.2004.05.007.

Basu A, Yap MN. 2016. Ribosome hibernation factor promotes staphy-
lococcal survival and differentially represses translation. Nucleic Acids
Res 44:4881-4893. https://doi.org/10.1093/nar/gkw180.
Greenlee-Wacker MC, Rigby KM, Kobayashi SD, Porter AR, DelLeo FR,
Nauseef WM. 2014. Phagocytosis of Staphylococcus aureus by human
neutrophils prevents macrophage efferocytosis and induces pro-
grammed necrosis. J Immunol 192:4709-4717. https://doi.org/10.4049/
jimmunol.1302692.

Issue 7 e02360-18

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Antimicrobial Agents and Chemotherapy

Mathieu A, Fleurier S, Frenoy A, Dairou J, Bredeche MF, Sanchez-Vizuete
P, Song X, Matic I. 2016. Discovery and function of a general core
hormetic stress response in Escherichia coli induced by sublethal con-
centrations of antibiotics. Cell Rep 17:46-57. https://doi.org/10.1016/j
.celrep.2016.09.001.

Davies J, Spiegelman GB, Yim G. 2006. The world of subinhibitory
antibiotic concentrations. Curr Opin Microbiol 9:445-453. https://doi
.org/10.1016/j.mib.2006.08.006.

McKay SL, Portnoy DA. 2015. Ribosome hibernation facilitates tolerance
of stationary-phase bacteria to aminoglycosides. Antimicrob Agents
Chemother 59:6992-6999. https://doi.org/10.1128/AAC.01532-15.
Jiafeng L, Fu X, Chang Z. 2015. Hypoionic shock treatment enables
aminoglycosides antibiotics to eradicate bacterial persisters. Sci Rep
5:14247. https://doi.org/10.1038/srep14247.

Uppu D, Konai MM, Sarkar P, Samaddar S, Fensterseifer ICM, Farias-
Junior C, Krishnamoorthy P, Shome BR, Franco OL, Haldar J. 2017.
Membrane-active macromolecules kill antibiotic-tolerant bacteria and
potentiate antibiotics towards Gram-negative bacteria. PLoS One 12:
e0183263. https://doi.org/10.1371/journal.pone.0183263.

Allison KR, Brynildsen MP, Collins JJ. 2011. Metabolite-enabled eradica-
tion of bacterial persisters by aminoglycosides. Nature 473:216-220.
https://doi.org/10.1038/nature10069.

Jawetz E, Gunnison JB. 1952. Studies on antibiotic synergism and
antagonism: a scheme of combined antibiotic action. Antibiot Che-
mother (Northfield) 2:243-248.

Conlon BP, Nakayasu ES, Fleck LE, LaFleur MD, Isabella VM, Coleman K,
Leonard SN, Smith RD, Adkins JN, Lewis K. 2013. Activated ClpP kills
persisters and eradicates a chronic biofilm infection. Nature 503:
365-370. https://doi.org/10.1038/nature12790.

Prokhorova I, Altman RB, Djumagulov M, Shrestha JP, Urzhumtsev A,
Ferguson A, Chang CT, Yusupov M, Blanchard SC, Yusupova G. 2017.
Aminoglycoside interactions and impacts on the eukaryotic ribosome.
Proc Natl Acad Sci U S A 114:E10899-E10908. https://doi.org/10.1073/
pnas.1715501114.

Lim LM, Ly N, Anderson D, Yang JC, Macander L, Jarkowski A, 3rd, Forrest
A, Bulitta JB, Tsuji BT. 2010. Resurgence of colistin: a review of resistance,
toxicity, pharmacodynamics, and dosing. Pharmacotherapy 30:
1279-1291. https://doi.org/10.1592/phc0.30.12.1279.

Figueroa DA, Mangini E, Amodio-Groton M, Vardianos B, Melchert A,
Fana C, Wehbeh W, Urban CM, Segal-Maurer S. 2009. Safety of high-dose
intravenous daptomycin treatment: three-year cumulative experience in
a clinical program. Clin Infect Dis 49:177-180. https://doi.org/10.1086/
600039.

Rolain JM, Baquero F. 2016. The refusal of the Society to accept
antibiotic toxicity: missing opportunities for therapy of severe infec-
tions. Clin Microbiol Infect 22:423-427. https://doi.org/10.1016/j.cmi
.2016.03.026.

Langton Hewer SC, Smyth AR. 2017. Antibiotic strategies for eradicating
Pseudomonas aeruginosa in people with cystic fibrosis. Cochrane Data-
base Syst Rev 4:CD004197. https://doi.org/10.1002/14651858.CD004197
.pub5.

Pietropaolo A, Jones P, Moors M, Birch B, Somani BK. 2018. Use and
effectiveness of antimicrobial intravesical treatment for prophylaxis
and treatment of recurrent urinary tract infections (UTls): a systematic
review. Curr Urol Rep 19:78. https://doi.org/10.1007/s11934-018
-0834-8.

Moore CL, Besarab A, Ajluni M, Soi V, Peterson EL, Johnson LE, Zervos MJ,
Adams E, Yee J. 2014. Comparative effectiveness of two catheter locking
solutions to reduce catheter-related bloodstream infection in hemodi-
alysis patients. Clin J Am Soc Nephrol 9:1232-1239. https://doi.org/10
.2215/CIN.11291113.

Levin BR, Baquero F, Ankomah PP, McCall IC. 2017. Phagocytes, antibi-
otics, and self-limiting bacterial infections. Trends Microbiol 25:878 -892.
https://doi.org/10.1016/j.tim.2017.07.005.

Nemeth J, Oesch G, Kuster SP. 2015. Bacteriostatic versus bactericidal
antibiotics for patients with serious bacterial infections: systematic re-
view and meta-analysis. J Antimicrob Chemother 70:382-395. https://
doi.org/10.1093/jac/dku379.

Spellberg B, Bartlett J, Wunderink R, Gilbert DN. 2015. Novel ap-
proaches are needed to develop tomorrow’s antibacterial therapies.
Am J Respir Crit Care Med 191:135-140. https://doi.org/10.1164/rccm
.201410-18940E.

aacasm.org 12


https://doi.org/10.15252/msb.20166998
https://doi.org/10.15252/msb.20166998
https://doi.org/10.1038/ncomms2607
https://doi.org/10.1038/ncomms2607
https://doi.org/10.1093/jac/dkw230
https://doi.org/10.1016/0014-5793(83)80566-3
https://doi.org/10.1016/0014-5793(83)80566-3
https://doi.org/10.1128/AAC.01218-09
https://doi.org/10.1128/AAC.02173-16
https://doi.org/10.1371/journal.ppat.1004445
https://doi.org/10.1371/journal.ppat.1004445
https://doi.org/10.1128/jb.178.13.3683-3688.1996
https://doi.org/10.1128/AAC.04908-14
https://doi.org/10.1128/mBio.00023-13
https://doi.org/10.1016/j.micpath.2005.11.007
https://doi.org/10.1128/JB.01578-08
https://doi.org/10.1128/JB.01578-08
https://doi.org/10.1128/IAI.74.5.3021-3026.2006
https://doi.org/10.1016/j.coi.2004.05.007
https://doi.org/10.1093/nar/gkw180
https://doi.org/10.4049/jimmunol.1302692
https://doi.org/10.4049/jimmunol.1302692
https://doi.org/10.1016/j.celrep.2016.09.001
https://doi.org/10.1016/j.celrep.2016.09.001
https://doi.org/10.1016/j.mib.2006.08.006
https://doi.org/10.1016/j.mib.2006.08.006
https://doi.org/10.1128/AAC.01532-15
https://doi.org/10.1038/srep14247
https://doi.org/10.1371/journal.pone.0183263
https://doi.org/10.1038/nature10069
https://doi.org/10.1038/nature12790
https://doi.org/10.1073/pnas.1715501114
https://doi.org/10.1073/pnas.1715501114
https://doi.org/10.1592/phco.30.12.1279
https://doi.org/10.1086/600039
https://doi.org/10.1086/600039
https://doi.org/10.1016/j.cmi.2016.03.026
https://doi.org/10.1016/j.cmi.2016.03.026
https://doi.org/10.1002/14651858.CD004197.pub5
https://doi.org/10.1002/14651858.CD004197.pub5
https://doi.org/10.1007/s11934-018-0834-8
https://doi.org/10.1007/s11934-018-0834-8
https://doi.org/10.2215/CJN.11291113
https://doi.org/10.2215/CJN.11291113
https://doi.org/10.1016/j.tim.2017.07.005
https://doi.org/10.1093/jac/dku379
https://doi.org/10.1093/jac/dku379
https://doi.org/10.1164/rccm.201410-1894OE
https://doi.org/10.1164/rccm.201410-1894OE
https://aac.asm.org

Antibiotic Killing of Nonreplicating Bacteria

77.

78.

79.

80.

July 2019 Volume 63

Jorgensen JH, Ferraro MJ. 2009. Antimicrobial susceptibility testing: a
review of general principles and contemporary practices. Clin Infect Dis
49:1749-1755. https://doi.org/10.1086/647952.

Johnson PJ, Levin BR. 2013. Pharmacodynamics, population dynamics,
and the evolution of persistence in Staphylococcus aureus. PLoS Genet
9:21003123. https://doi.org/10.1371/journal.pgen.1003123.

Andersson DI, Hughes D. 1996. Muller’s ratchet decreases fitness of a
DNA-based microbe. Proc Natl Acad Sci U S A 93:906-907. https://doi
.org/10.1073/pnas.93.2.906.

Jeong H, Barbe V, Lee CH, Vallenet D, Yu DS, Choi SH, Couloux A, Lee SW,

Issue 7 e02360-18

81.

82.

Antimicrobial Agents and Chemotherapy

Yoon SH, Cattolico L, Hur CG, Park HS, Segurens B, Kim SC, Oh TK, Lenski
RE, Studier FW, Daegelen P, Kim JF. 2009. Genome sequences of Esch-
erichia coli B strains REL606 and BL21(DE3). J Mol Biol 394:644-652.
https://doi.org/10.1016/j.jmb.2009.09.052.

Chandler CE, Horspool AM, Hill PJ, Wozniak DJ, Schertzer JW, Rasko DA,
Ernst RK. 2019. Genomic and phenotypic diversity among ten laboratory
isolates of Pseudomonas aeruginosa PAO1. J Bacteriol 201:¢00595-18.
https://doi.org/10.1128/JB.00595-18.

Casadevall A, Fang FC. 2010. Reproducible science. Infect Immun 78:
4972-4975. https://doi.org/10.1128/IA1.00908-10.

aacasm.org 13


https://doi.org/10.1086/647952
https://doi.org/10.1371/journal.pgen.1003123
https://doi.org/10.1073/pnas.93.2.906
https://doi.org/10.1073/pnas.93.2.906
https://doi.org/10.1016/j.jmb.2009.09.052
https://doi.org/10.1128/JB.00595-18
https://doi.org/10.1128/IAI.00908-10
https://aac.asm.org

	RESULTS
	Antibiotic-mediated killing of exponentially growing bacteria. 
	Antibiotic-mediated killing of stationary-phase bacteria. 
	Antibiotic-mediated killing of E. coli hipA7 and S. aureus persisters generated by exposure to bactericidal antibiotics (bactericidal persisters). 
	Antibiotic-mediated killing of antibiotic-induced static populations. 

	DISCUSSION
	Potential clinical implications. 

	MATERIALS AND METHODS
	Bacteria. 
	Liquid culture. 
	Viable cell density. 
	Antibiotics and their sources. 
	MICs. 
	N(24)/N(0) ratios. 
	Antibiotic-mediated killing of exponentially growing bacteria. 
	Antibiotic-mediated killing of stationary-phase bacteria. 
	Antibiotic-mediated killing of S. aureus bactericidal persisters. 
	Antibiotic-mediated killing of E. coli hipA7 bactericidal persisters. 
	Antibiotic-mediated killing of antibiotic-induced static populations. 
	A caveat. 

	ACKNOWLEDGMENTS
	REFERENCES

